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The Endosomal Sorting Complex Required for Transport (ESCRT) machinery is a set of multi-protein complexes that are
well conserved among all eukaryotes and mediate a remarkable array of cellular processes including late endosome/
multivesicular body (MVB) formation, retroviral particle release and membrane abscission during cytokinesis. While the
molecular mechanisms underlying ESCRT function have been relatively well characterized in yeasts and mammals, far
less is known about ESCRT in plants. In this study, we utilized publicly-available microarray, massively parallel signature
sequencing (MPSS) and proteome data sets in order to survey the expression profiles of many of the components of the
Arabidopsis thaliana ESCRT machinery. Overall, the results indicate that ESCRT expression in Arabidopsis is highly dynamic
across a wide range of organs, tissues and treatments, consistent with the complex interplay that likely exists between
the spatial and temporal regulation of the ESCRT machinery and the diverse array of roles that ESCRT participates in

during plant growth and development.

ESCRT consists of ~20 soluble proteins that are probably best
known for their role in the recognition, concentration and pack-
aging of mono-ubiquitinated, membrane-bound proteins within
the intralumenal vesicles of endosomal MVBs, leading to the
eventual degradation of these membrane proteins upon fusion
of the MVB with the lysosome/vacuole. To accomplish this task,
ESCRT proteins are sequentially recruited from the cytosol to
the surface of the late endosomal membrane via a series of spe-
cific protein-protein interactions that results in the assembly
of at least four heteromeric protein subcomplexes (ESCRT-0,
-1, -II, -1II). ESCRT subcomplex disassembly is subsequently
regulated, in part, by an AAA-type ATPase referred to as Vps4
(vacuole protein-sorting 4) and its various associated regulatory
proteins.'?

Overall, the breadth of information that exists regarding
ESCRT has been garnered primarily from studies with yeast and
mammalian cultured cells; however, most of the components
of ESCRT are present throughout all eukaryotic taxa, with the
exception of ESCRT-0 apparently being absent in plants and
other non-opisthokonts (e.g., trypanosomes, Dictyostelium,
).“¢ Interestingly, components of ESCRT-
III are present also in Archaea,” supporting the functional

Chlamydomonas etc.

importance of ESCRT, or at least portions thereof, among evolu-
tionarily diverse organisms.® It is also now well established that,
in addition to the role of ESCRT in MVB biogenesis and mem-
brane protein degradation via the endocytic pathway, ESCRT
participates in a number of other key cellular events, including

10

autophagy,” membrane abscission during cytokinesis," retroviral

budding," and tombusvirus replication.'?
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In light of these new and unexpected functions for ESCRT
there is a growing interest in understanding the overall, more
global organization and regulation of ESCRT in plants. Toward
this end, recent analyses of the ESCRT protein-protein interac-
tion network in Arabidopsis—based mainly on the yeast two-
hybrid assay—revealed that the majority of these interactions are
those that also take place between their counterparts in yeasts

and/or mammals,"?"

suggesting that the molecular mechanisms
underlying ESCRT function are evolutionarily conserved. On
the other hand, the Arabidopsis ESCRT interactome also pos-
sesses a number of unique interactions that, when considering
the fact that many of the ESCRT components in plants exist as
multiple isoforms,*>'® may reflect the functional plasticity and
distinct regulation of the plant ESCRT system overall.

Here we extend our and other’s recent, more global studies
of the Arabidopsis ESCRT machinery'>" by taking advantage
of the vast array of publicly-available Arabidopsis gene and pro-
tein (peptide) expression data sets and web-based bioinformat-
ics resources to analyze the expression profiles of many of the
Arabidopsis ESCRT components across a variety of different
organs, tissues and treatments.

As shown in Figure 1A, electronic (E-)northern analyses
revealed that almost all of the Arabidopsis ESCRT genes rep-
resented on the ATH1 whole-genome chip" are expressed in a
wide variety of organs and/or tissues, as well as at various stages
of growth and development, consistent with ESCRT serving a
number of essential and general roles (e.g., MVB biogenesis,
receptor downregulation, cell division, etc.,) throughout the
plant life-cycle.'®" Notably, the expression levels of most of the
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‘ Figure 1. For figure legend, see page 1899.

ESCRT genes were usually highest in seed-specific tissues (e.g.,  Several ESCRT genes also displayed prominent male reproduc-
seed coat and endosperm) (Fig. 1A), consistent with the known  tive-tissue-specific expression profiles. For example, the highest
importance of ESCRT for embryo and seedling development.?>*  levels of TomiA, Tom_L, Vps20B and FablB expression were in
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Figure 1 (See opposite page). Microarray-based expression profiles of Arabidopsis ESCRT genes in various tissues and treatments. Publicly-available
Arabidopsis microarray (E-northern) expression data sets were explored for selected Arabidopsis ESCRT genes (refer to Table 1 presented in ref. 14 for
the list of known and putative Arabidopsis ESCRT genes examined in this study) in either (A) various organ and/or tissue types using the GENEVESTI-
GATOR Meta-Analyzer-Plant Organs database? (www.genevestigator.com/gv/) or (B) under different conditions and treatments in shoots or roots and
pathogen infections using the AtGenExpress series database®*3° (www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp), and with
the tools hosted at the BioArray Resource (BAR) (www.bar.utoronto.ca).®® E-northern expression patterns were expressed as log-transformed values
normalized to the controls and formatted into heat maps using the Meta Analyzer tool at BAR. Note that the E-northern data for some of the known
ESCRT genes was not available, since these genes are not present on the ATH1 whole genome chip.'® Keys at the bottom right of (A and B) display the
correlation between shading and scaled log-fold changes in expression.
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Figure 2. Co-expression analysis of Arabidopsis ESCRT genes. Multi-gene co-expression analysis of selected Arabidopsis ESCRT genes was performed
using CressExpress* (www.cressexpress.org) and data obtained from the publicly-available Arabidopsis microarray (E-northern) expression data sets.
Pearson'’s correlation coefficients (r values) between all ESCRT gene pairs are indicated, with those values reflecting positive co-expression (r > 0.37) at
the whole plant level shaded in gray and those that also displayed an increased number of significant expression correlations (r > 0.37) in embryo and
seed-specific tissues highlighted in bold. Similar results for Arabidopsis ESCRT co-expression at the whole plant level were obtained using other multi-
gene co-expression analysis programs, including the PRIMe: Correlated Gene Search* (data not shown). Likewise, the co-expression values for the
putative rice (Oryza sativa) ESCRT machinery,* based on the Rice Olig Array Database coexpression tool,* were also mostly variable overall at the whole
plant level (data not shown), suggesting that the highly dynamic expression of the ESCRT machinery is a shared feature between dicots and monocots.

the pollen and stamens, while the highest levels of 701D expres-
sion were in sperm cells (Fig. 1A). These results are in line with
other Arabidopsis comparative transcriptome studies,*>* wherein
these tissues displayed enriched expression of genes involved in
receptor protein signaling, vesicle trafficking and membrane
transport, and all of which likely involve (directly or indirectly)
ESCRT.

It was also notable that when comparing the E-northern
expression profiles of Arabidopsis ESCRT genes according to
the complexes in which their respective protein products are
thought to function, only the ESCRT-II-related genes, Vps22
and Vps36, appeared to be largely ubiquitously expressed and
at relatively high levels (Fig. 1A). By contrast, the expression
profiles and levels of most other ESCRT-related genes varied
considerably. Indeed, other than perhaps for ESCRT-III along
with Vps4 [also referred to as AtSKD1 (Arabidopsis thaliana
suppressor of K* transport growth defect 1)] ** and its regula-
tors, co-expression values for the Arabidopsis ESCRT machinery
overall were quite variable, with few significant correlations in
transcript expression levels within or between most of the dif-
ferent ESCRT subcomplexes at the whole plant level (Fig. 2).
Moreover, almost all of the Arabidopsis ESCRT components
that exist as multiple isoforms, including Vps234 (also referred
to as ELC),” Vps23B, Chmp2A-C and Vps24A/B, etc., displayed
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highly divergent expression patterns (Figs. 1A and 2), suggesting
that, despite their high sequence identities*'® and their similar
protein-protein interaction networks,'" functional redundancy
of these proteins is unlikely. Instead, these observations reinforce
the premise that compared with other evolutionarily diverse
organisms, the considerable expansion of ESCRT gene families
in plants likely reflects organ/tissue-specific functions or differ-
ences in protein-binding specificity.

In support of this notion, when the co-expression values for the
Arabidopsis ESCRT machinery were analyzed in embryo and seed-
specific tissues [where the expression of many of the ESCRT genes
are at their highest (Fig. 1A)], several components, including many
of those that exist as multiple isoforms, displayed an increased
number of significant expression correlations (Fig. 2). However,
absent from these embryo and seed-specific co-expression results
was co-expression for certain ESCRT components that have been
reported previously to physically interact using protein-protein
interaction assays,"” or ectopically expressed in plant cells.”

Probably the most obvious group of ESCRT-associated com-
ponents in Arabidopsis to undergo marked gene expansion is the
Toml gene family, which has nine members (7omI1A-G). These
proteins have been proposed to perform an MVB cargo recogni-
tion role in place of ESCRT-0. That is, similar to other non-opis-
thokonts, plants have no apparent homologs for the mammalian
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and yeast ESCRT-0 components Hrs/Vps27 and STAM/Hsel;*>
the two key factors that function in mammals and yeasts in the
initial recognition of ubiquitinated cargo (membrane) proteins
and the subsequent recruitment of ESCRT-I to the endosomal
surface.”? This lack of Vps27/Hrs and Hsel/STAM in plants is
thought to reflect the fact that the nature of ESCRT cargo pro-
tein selection and ESCRT-I recruitment in plants is mechanisti-
cally distinct, such that other ubiquitin-binding proteins, namely
members of the Tom1 protein family, serve as an alternate inter-
face for these two roles.*” Based on this presumption and also the
divergent (co-)expression profiles observed for several members
of plant Tom1 family (Figs. 1A and 2), it is tempting to specu-
late further that at least some of these proteins have evolved to
function in a tissue-specific manner and/or interact with certain
components of ESCRT-I" or select ESCRT cargo proteins.?*?
Interestingly, many of the non-ESCRT genes that are co-
expressed with ESCRT genes in embryo and seed-specific tissues
encode membrane proteins involved in a wide array of cellular
processes, and include drug, ion, amino acid, oligopeptide and
sugar transporters, as well as predicted transmembrane receptors
(Table 1). Of course, while it remains to be determined whether
any of these proteins are bona fide ESCRT (cargo) substrates,
these findings are consistent with the general role of ESCRT in
the regulated degradation of membrane proteins and perhaps
highlight yet-to-be studied roles for ESCRT in other physiologi-
cal processes in plants.

Also shown in Figure 1B, additional surveys of the Arabidopsis
E-northern expression databases for various abiotic stress treatments
of shoots and roots or pathogen and elicitor treatments of leaves
revealed that at least a few ESCRT genes displayed pronounced
changes in their expression in response to these different treatments.
Most notably, the putative ESCRT-III gene Vps24B was highly upreg-
ulated in shoots subjected to either genotoxic, oxidative, wounding or
heat stress, as well as in late-stage (i.e., 48 h) Pseudomonas-infected
leaves (Fig. 1B). Likewise, both 70m1C and Vps60A genes displayed
significant increases in expression levels in roots subjected to UV-B
stress and in response to almost all pathogen infections and elici-
tor treatments examined (Fig. 1B). Similar increases in 7072/C and
Vps60A expression were also observed in various Arabidopsis (non-
ESCRT) mutant gene backgrounds, including those with defects
in pathogen resistance, i.e., surveys of the GENEVESTIGATOR
genotype E-northern database®® revealed that both 7omIC and
Vps60A, as well as various other ESCRT genes, displayed significant
increases in expression in, among others, mutants defective in local
and systemic acquired resistance (sid2),” pathogen response signal-
ing (cpr5),%® or plant innate immune responses (mpk4) ¥ (data not
shown). However, whether these results further reflect novel roles
for components of the plant ESCRT machinery, perhaps during
unique or general plant stress responses, remains to be determined.
Nonetheless, this is an intriguing possibility given the apparent role
of ESCRT in tombusvirus RNA replication. That is, similar to abil-
ity of enveloped RNA viruses, such as HIV, to appropriate certain
constituents of ESCRT to execute their budding from infected
mammalian cells,*
lication proteins appear to exploit the ESCRT machinery,
order to mediate the structural reorganization of peroxisomes into

the tombusvirus, tomato bushy stunt virus rep-
12,31 3
3 in

1900

Plant Signaling & Behavior

unique MVB-like compartments where at viral RNA replication
takes place.?”

We also analyzed the expression profiles for several known and
putative ESCRT components across different organs using the
MPSS and peptide proteome databases.*** As shown in Figure 3,
MPSS and peptide proteome analyses revealed many of the same
general and organ/tissue-specific expression patterns for those
ESCRT genes that were analyzed using the E-northern data sets
(Fig. 1) and, for at least Vps234 and Vps4, that have been analyzed
also using RT-PCR and protein blotting, respectively.*** On the
other hand, some conspicuous differences in the expression patterns
of ESCRT genes (proteins) were also found. For instance, based on
MPSS results, among the highest levels of expression for TomiI_L,
Chmp2A and the putative ESCRT-III genes, Snf/A and Snf7/B, were
in the roots, whereas each of these genes, based on E-northerns,
displayed relatively low levels of expression throughout various root
tissues (Figs. 1A and 3A). Similarly, the relative protein expression
levels for some ESCRT components based on the peptide proteome
(Fig. 3B) were varied compared with that of their corresponding
mRNA (microarray and/or MPSS) expression levels in the various
plant organs/tissues examined (e.g., 7omIF, Snf7A/B, ChmplA and
Brol). However, these apparent differences may be due, at least in
part, to inherent variations between these different technology plat-
forms; for example, gene-specific cDNA or oligonucleotide-sequence
vs. peptide-sequence sampling, (sub)tissue/organ sampling, filtering
stringency and tag-position bias.?

Taken together, the expression profiling data presented here
suggest that the regulation of ESCRT in Arabidopsis is highly
complex, including a dynamic array of organ/tissue-specific and
stress-related expression patterns, as well as apparent transcriptional
and post-transcriptional controls. However, this complex regulation
of Arabidopsis ESCRT is perhaps not surprising given a number of
factors, including: (1) the considerable expansion of many of the
ESCRT gene families in plants compared with other eukaryotes,*>"
(2) the sophisticated hierarchical- and stoichiometric-dependent
manner in which the various multi-protein ESCRT subcomplexes,
their associated regulatory proteins, as well as ubiquitin, appear to
1336 (3) the unique and dynamic nature of the
plant endosomal pathway overall,””'®% and (4) the ever expanding
number of roles that the ESCRT machinery, or at least portions
thereof, participates in throughout plant growth and development.®
Undoubtedly these and other important aspects of the plant ESCRT
machinery will be the focus over the coming years of more detailed

operate in concert,

experimental studies and the results presented here should thus serve
as a useful resource for elucidating the molecular mechanisms by
which ESCRT functions in plants.
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Table 1. Non-ESCRT genes co-expressed with the ESCRT gene network in Arabidopsis embryo and seed tissues®

AGI® Gene Description©
AT3G49630 Unknown function
AT1G23300 MATE efflux family protein; antiporter activity, drug transmembrane transporter activity
AT2G14610 PATHOGENESIS-RELATED GENE 1
AT1G23830 Unknown function
AT3G57100 Unknown function
AT2G06130 Transposable element gene
AT1G51210 UDP-Glycosyltransferase superfamily protein
AT1G63770 Peptidase M1 family protein; metallopeptidase activity, zinc ion binding
AT3G02260 ATTENUATED SHADE AVOIDANCE 1; auxin polar transport, ubiquitin-protein ligase activity
AT1G48510 Surfeit locus 1 cytochrome c oxidase biogenesis protein
AT2G02620 Cysteine/Histidine-rich C1 domain family protein; zinc ion binding; intracellular signaling pathway
AT4G38830 Cysteine-rich receptor-like protein kinase
AT4G30940 BTB/POZ domain with WD40/YVTN repeat-like protein; voltage-gated potassium channel activity
AT5G05300 Unknown function
AT3G46150 Unknown function
AT1G71680 Transmembrane amino acid transporter family protein
AT1G28220 Member of a family of proteins related to PUP1, a purine transporter
AT1G57670 Toll-Interleukin-Resistance domain family protein; transmembrane receptor activity
AT3G25280 Major facilitator superfamily protein; oligopeptide transporter activity
AT4G04690 Protein ubiquitination; ubiquitin-dependent protein catabolism; ubiquitin-protein ligase activity
AT2G14700 Unknown function
AT2G13620 Member of Putative Na*/H* antiporter family
AT1G51750 Transposable element gene
AT2G23270 Unknown function
AT5G28580 Transposable element gene
AT4G17450 Transposable element gene
AT2G35080 ATP binding; aminoacyl-tRNA ligases
AT1G27160 Valyl-tRNA synthetase/valine-tRNA ligase-related
AT2G34040 Apoptosis inhibitory protein 5
AT1G13610 Alpha/B-Hydrolases
AT3G55100 ABC-2 type transporter family protein
AT1G57943 Purine base transmembrane transporter activity
AT4G26340 F-box/RNI-like/FBD-like domains-containing protein; C
AT1G65870 Disease resistance-responsive (dirigent-like protein) family protein
AT3G10100 Transposable element gene
AT2G24920 Transposable element gene
AT1G62280 SLACT HOMOLOG 1; cellular ion homeostasis, plasma membrane transporter activity
AT2G05390 Transposable element gene
AT2G01580 Unknown protein
AT1G28460 AGAMOUS-LIKE 59; sequence-specific DNA-binding transcription factor activity
AT2G16120 Polyol/monosaccharide transporter 1
AT1G57906 Unknown protein
AT5G52050 MATE efflux family protein; antiporter activity, drug transmembrane transporter activity
AT2G17330 CYTOCHROME P450 51A1; putative obtusifoliol 14-a demethylase

2ldentification of non-ESCRT genes that were co-expressed with the Arabidopsis ESCRT gene network was performed using CressExpress® and data
obtained from the publicly-available Arabidopsis microarray (E-northern) expression data sets specific for embryo and seed tissues. Genes shown are
those that were most significantly co-regulated [Pearson’s correlation coefficients reflecting positive co-expression (r = 0.5)] with at least 18 of the

19 ESCRT genes examined (i.e., ESCRT genes present on the ATH1 whole genome chip and listed in Fig. 2). "Arabidopsis gene identifier (AGI) number
based on The Arabidopsis Information Resource (TAIR)* (www.arabidopsis.org). ‘Description of gene product function(s) based on TAIR.
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Table 1. Non-ESCRT genes co-expressed with the ESCRT gene network in Arabidopsis embryo and seed tissues? (continued)

AGI*
AT3G60760
AT3G50560
AT2G13630
AT5G55330
AT3G60720
AT4G10990
AT1G57600
AT1G73700
AT3G04960
AT1G29350
AT1G76430
AT5G01550

Gene Description©
Unknown function
NAD(P)-binding Rossmann-fold superfamily protein
F-box associated ubiquitination effector family protein
MBOAT (membrane bound O-acyl transferase) family protein
Plasmodesmal protein; may be involved in the intercellular movement of molecules through the plasmodesmata
Transposable element gene
MBOAT (membrane bound O-acyl transferase) family protein
MATE efflux family protein; antiporter activity, drug transmembrane transporter activity
Molecular chaperone, heat shock protein
Kinase-related protein of unknown function
Pht1;9, a member of the Pht1 family of phosphate transporters
LECTIN RECEPTOR KINASE A4.1

2ldentification of non-ESCRT genes that were co-expressed with the Arabidopsis ESCRT gene network was performed using CressExpress® and data
obtained from the publicly-available Arabidopsis microarray (E-northern) expression data sets specific for embryo and seed tissues. Genes shown are
those that were most significantly co-regulated [Pearson’s correlation coefficients reflecting positive co-expression (r = 0.5)] with at least 18 of the

19 ESCRT genes examined (i.e., ESCRT genes present on the ATH1 whole genome chip and listed in Fig. 2). *Arabidopsis gene identifier (AGI) number
based on The Arabidopsis Information Resource (TAIR)* (www.arabidopsis.org). ‘Description of gene product function(s) based on TAIR.
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Figure 3. MPSS and peptide expression
profiles of Arabidopsis ESCRT genes and
proteins in various tissues. (A) MPSS analysis of
selected Arabidopsis ESCRT genes in various
tissue types was performed using the MPSS
Plus website (mpss.udel.edu/at/).** (B) Peptide
expression profiles for selected Arabidopsis
ESCRT proteins in different tissues were based
on the Arabidopsis peptide-to-proteome
TAIR9 database (fgcz-pep2pro.uzh.ch/).>* Both
MPSS and peptide expression values (com-
pared with controls) were normalized and
formatted as heat maps using the DataMeta-
Formatter tool at BAR.“ The key at the bottom
of (B) display the correlation between shading
and scaled log-fold changes in expression.
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